The detection of the high-energy (∼ 290 TeV) neutrino coincident with the flaring blazar TXS 0506+056, the first and only 3σ neutrino-source association to date, provides new, multimessenger tests of the weak equivalence principle (WEP) and Lorentz invariance. Assuming that the flight time difference between the TeV neutrino and gamma-ray photons from the blazar flare is mainly caused by the gravitational potential of the Laniakea supercluster of galaxies, we show that the deviation from the WEP for neutrinos and photons is conservatively constrained to be an accuracy of 10 −6 − 10 −7 , which is 3-4 orders of magnitude better than previous results placed by MeV neutrinos from supernova 1987A. In addition, we demonstrate that the association of the TeV neutrino with the blazar flare sets limits on the energy scale of quantum gravity for both linear and quadratic violations of Lorentz invariance (LIV) to EQG,1 > 3.2 × 10 15 − 3.7 × 10 16 GeV and EQG,2 > 4.0 × 10 10 − 1.4 × 10 11 GeV. These improve previous limits on both linear and quadratic LIV in neutrino propagation by 5-7 orders of magnitude.
The detection of the high-energy (∼ 290 TeV) neutrino coincident with the flaring blazar TXS 0506+056, the first and only 3σ neutrino-source association to date, provides new, multimessenger tests of the weak equivalence principle (WEP) and Lorentz invariance. Assuming that the flight time difference between the TeV neutrino and gamma-ray photons from the blazar flare is mainly caused by the gravitational potential of the Laniakea supercluster of galaxies, we show that the deviation from the WEP for neutrinos and photons is conservatively constrained to be an accuracy of 10 −6 − 10 −7 , which is 3-4 orders of magnitude better than previous results placed by MeV neutrinos from supernova 1987A. In addition, we demonstrate that the association of the TeV neutrino with the blazar flare sets limits on the energy scale of quantum gravity for both linear and quadratic violations of Lorentz invariance (LIV) to EQG,1 > 3.2 × 10 15 − 3.7 × 10 16 GeV and EQG,2 > 4.0 × 10 10 − 1.4 × 10 11 GeV. These improve previous limits on both linear and quadratic LIV in neutrino propagation by 5-7 orders of magnitude.
I. INTRODUCTION
On 22 September 2017, the IceCube Collaboration detected a high-energy neutrino, IceCube-170922A, with an energy of ∼ 290 TeV [1] . The best-fit reconstructed location is right ascension R.A. = 77.43
+0.95
−0.65 and declination Dec. = +5.72 +0.50 −0.30 (degrees, J2000, 90% containment region). It was soon determined that the arrival direction of IceCube-170922A was consistent with the location of the blazar TXS 0506+056 and coincident with a flaring state observed since April 2017 by the Fermi-LAT [2] . The AGILE gamma-ray telescope confirmed the enhanced gamma-ray activity at energies above 0.1 GeV from TXS 0506+056 in 10 to 23 September 2017. Follow-up observations of the blazar led to the detection of a significant gamma-ray signal with energies up to 400 GeV around 28 September to 4 October 2017 by the MAGIC telescope. The significance of the temporal and spatial coincidence of the neutrino event and the blazar flare is estimated to be at the 3σ level [1] , which is the highest level of confidence for cosmic neutrinos to date. TXS 0506+056 is a blazar of BL Lacertae type and its redshift has been recently measured to be z = 0.3365 [3] .
With the physical association between the flare of TXS 0506+056 and the high-energy neutrino, the flight time difference between the TeV neutrino and the blazar photons can in principle be used to constrain violations of Einstein's weak equivalence principle (WEP) and Lorentz invariance, since both their violations can lead to arrival time differences for neutral particles of different-species or with different energies arising from the same astrophysical object. TXS 0506+056 showed the elevated level of gamma-ray emission in the GeV band starting in April 2017, which is prior to the IceCube-170922A alert [2] . The maximum possible arrival-time delay between the beginning of the flare and the arrival of the neutrino is about 175 days. On the other hand, the Fermi-LAT and AGILE observations showed that the peak of the highenergy gamma-ray flare occurs ∼ 15 days earlier than the neutrino event. If we assume that the neutrino event was emitted around the same time of the peak, the time delay between the TeV neutrino and gamma-ray photons turns out to be about 15 days.
Einstein's WEP is a fundamental postulate of general relativity and other metric theories of gravity. It states that any two different species of massless (or negligible rest mass) messenger particles (photons, neutrinos, and gravitational waves), or any two particles of the same species but with varying energies, if emitted simultaneously from the same astronomical source and traveling through the same gravitational field, should reach our Earth at the same time [4, 5] . In the neutrino sector, the arrival time delays of MeV neutrinos and photons from supernova SN 1987A have been used to test the WEP accuracy [6, 7] through the Shapiro (gravitational) time delay effect [8] . They proved that the Shapiro delay for neutrinos is equal to that for photons at an accuracy of 0.2-0.5%. Assuming that the flight time difference between a PeV neutrino and gamma-ray photons from a flare of the blazar PKS B1424-418 is mainly attributed to the gravitational potential of supercluster, Ref. [9] showed that the WEP constraint can be further improved by two orders of magnitude. Based on the associations between five TeV neutrinos and gamma-ray photons from gamma-ray bursts (GRBs), Ref. [10] tightened the constraint on the deviation from WEP to an accuracy of ∼ 10 −11 − 10 −13 when adopting the gravitational potential of the Laniakea supercluster of galaxies. Besides the neutrino-photon delays, such a test has been also applied to the delays of photons with different energies (e.g., GRBs [11, 12, 13] , fast radio bursts [14, 15] , TeV blazars [16] , and the Crab pulsar [17, 18, 19, 20] ), and the delays between photons and gravitational waves [21, 22, 23, 24, 25, 26, 27, 28] .
Lorentz invariance is a fundamental symmetry of Einstein's relativity. However, violations of Lorentz invariance (LIV) at the Planck energy scale
19 GeV are predicted in many quantum gravity (QG) theories attempting to unify general relativity and quantum mechanics (see Refs. [29, 30] , and references therein). As a consequence of LIV effects, the velocity of massless particles (photons or neutrinos) in a vacuum would have an energy dependence, also known as vacuum dispersion [31, 32, 33] . The QG energy scale (E QG ) used for representing LIV could therefore be constrained by comparing the flight time differences of particles with different energies originating from the same source [34, 35] . The current best limits on E QG have been obtained from the highest energy (31 GeV) photon of GRB 090510. The limits set are E QG,1 > 9.1 × 10
19 GeV > (1−10)E Pl and E QG,2 > 1.3×10
11 GeV > 10 −8 E Pl for linear and quadratic leading order LIV-induced vacuum dispersion, respectively [36, 37] (see also Refs. [38, 39] and summary constraints for LIV therein). In the neutrino sector, Ref. [40] used the SN1987A MeV neutrinos to constrain the linear and quadratic LIV energy scales, and obtained the limits of E QG,1 > 2.7 × 10 10 GeV and E QG,2 > 4.6 × 10 4 GeV. Ref. [9] analyzed possible LIV effects in neutrino propagation from an association between a PeV neutrino and the outburst activity of blazar PKS B1424-418, and set the limits of E QG,1 > 1.1 × 10
17
GeV and E QG,2 > 7.3 × 10 11 GeV. Based on the associations between five TeV neutrinos and GRBs, Ref.
[10] set the most strictest limits up to now on neutrino LIV, implying E QG,1 > 6.3 × 10 18 − 1.5 × 10 21 GeV and E QG,2 > 2.0 × 10 11 − 4.2 × 10 12 GeV.
Although the tests on both the WEP and LIV have reached high precision in the neutrino sector, most of the tests rely on the use of low-significance neutrinos correlated with photons, which are not very reliable. Specifically, except for the MeV neutrinos from SN 1987A, the significance of the PeV neutrino (or five TeV neutrinos) being associated with the flare of PKS B1424-418 (or GRBs) is relatively low. The coincidences between five TeV neutrinos and GRBs only yielded a combined pvalue of 0.32 [41] , and a 5% probability for a chance coincidence between the PeV neutrino and the PKS B1424-418 flare remains [42] . New high-energy neutrinos with confirmed astrophysical sources and with higher significance (e.g., this IceCube-170922A event) are essential for further testing the WEP and LIV to a higher accuracy level.
II. TESTS OF THE WEP
The motion of test particles in a gravitational field can be described by the parametrized post-Newtonian (PPN) formalism. All metric theories of gravity satisfying the WEP predict that γ 1 = γ 2 ≡ γ, where the PPN parameter γ reflects the level of space curvature by unit rest mass and the subscripts denotes two different particles [4, 5] . The WEP accuracy can therefore be characterized by constraining the differences of the γ values for different particles. On the basis of the Shapiro time delay effect [8] , the time interval required for particles to pass through a given distance is longer by
in the presence of a gravitational potential U (r), where the integration is along the propagation path from the source r e to the observer r o . Once the WEP fails, the γ values for different particles will no longer be the same, resulting in the arrival-time delay of two different particles arising from the same source. The relative Shapiro time delay is given by
where the difference of the γ values ∆γ = γ 1 − γ 2 is deemed as a measure of a possible deviation from the WEP.
To estimate the relative Shapiro delay with Eq. (2), one needs to figure out the gravitational potential U (r). Generally speaking, U (r) consists of three parts: the gravitational potentials of our Milky Way, the intergalactic space, and the source host galaxy. For the cosmological sources, the Shapiro delay caused by the gravitational potential of the large scale structure (e.g., nearby clusters and/or superclusters) has been proved to be more important than the Milky Way's and the host galaxy's gravity [43, 44, 45] . Thus, we here consider the gravitational potential of the Laniakea supercluster of galaxies.
Laniakea is a newly discovered supercluster of galaxies, in which our Milky Way reside [46] . The gravitational center of Laniakea is considered as the Great Attractor [47] , a mass concentration in the nearby universe, at a position of R.A. = 10 h 32 m , Dec. = −46
• 00 ′ . Since the distance of TXS 0506+056 is far beyond the scale of Laniakea, the gravitational potential of the particle paths from TXS 0506+056 to our Earth can be treated as a point mass potential for which the Laniakea's total mass is assumed at the center of the mass. Assuming that the observed time delay (∆t obs ) between correlated particles is attributed to the relative Shapiro delay, and adopting a Keplerian potential for Laniakea, a conservative upper limit on ∆γ can be obtained by [6, 21] 
where M L ≃ 10 17 M ⊙ is the Laniakea mass [46] , r L = 77 Mpc represents the distance of the Laniakea center, d is the distance from the source (TXS 0506+056) to the Laniakea center (for a cosmic source, d can be approximated as the distance from the source to our Earth), and b denotes the impact parameter of the particle paths relative to the Laniakea center.
Since the maximum possible arrival-time delay between the beginning of the TXS 0506+056 flare and the arrival of the neutrino is about 175 days, we first adopt 175 days as the conservative limit of the observed time delay between the TeV neutrino and gamma-ray photons from the blazar flare. With this time delay, the most conservative constraint on the WEP from Eq. (3) is |γ ν − γ γ | < 8.5 × 10 −6 . Besides, much more sever limit on the WEP can be achieved (|γ ν − γ γ | < 7.3 × 10 −7 ) by assuming that the neutrino was emitted around the same time of the flare peak (i.e., ∆t obs ∼ 15 days). The limits on the WEP accuracy for these two assumed delays are presented in Table I , which are about 3-4 orders of magnitude tighter than those of MeV neutrinos from SN 1987A. We note that one independent work was carried out by Ref. [48] , who tested the WEP by radically assuming the time delay between the detected neutrino and photons is just 1 s. 
III. CONSTRAINTS ON LIV
The LIV effect predicts an energy-dependent speed of propagation in a vacuum for neutrinos and photons. The leading term in the modified dispersion relation for particles (with energy E ≪ E QG ) is
where m is the rest mass of the particle, the n-th order expansion of leading term stands for linear (n=1) or quadratic (n=2) LIV model, and +1 (−1) corresponds to the "subluminal" and ("superluminal") case. The term m 2 c 4 among in Eq. (4) is negligible when the test particles are massless or nearly massless. Note that the superluminal neutrinos would lose their energy rapidly due to both vacuum pair emission and neutrino splitting [49, 50] , and excellent bounds on LIV have been made for superluminal neutrinos [51, 52, 53] . Here we set the limits on subluminal neutrino LIV. Because of the speed of particles have an energy dependence, two particles with different energies originating from the same source would arrive on Earth at different times. The arrival-time difference due to the LIV effect is expressed as [32] 
where E h and E l (E h > E l ) are the energies of different particles. Here we use the cosmological parameters obtained by the Planck observations: Ω m = 0.315, Ω Λ = 0.685, and H 0 = 67.3 km s −1 Mpc −1 [54] . Similarly, the maximum possible arrival-time delay between the beginning of the gamma-ray flare and the arrival of the neutrino (∼ 175 days) is firstly adopted as the upper limit of the delay between the TeV neutrino and photons. For linear and quadratic LIV, we obtain the limits of E QG,1 > 3.2 × 10 15 GeV and E QG,2 > 4.0 × 10
10
GeV. With the assumption that the TeV neutrino was emitted around the same time of the flare peak, the time delay between the neutrino and gamma-ray photons would be shorter (∼ 15 days), leading to much stricter limits on LIV, i.e., E QG,1 > 3.7 × 10 16 GeV and E QG,2 > 1.4 × 10 11 GeV. The resulting constraints for these two assumed delays are summarized in Table I . Compared with the corresponding limits from MeV neutrinos of SN 1987A, our limits on E QG,1 and E QG,2 represent an improvement of at least 5-7 orders of magnitude. We also note that one independent work [55] constrained linear and quadratic LIV by assuming a difference in neutrino and photon propagation times of ∼ 10 days.
IV. CONCLUSIONS
Very recently, a high-energy (∼ 290 TeV) neutrino, IceCube-170922A, was detected in coincidence with the gamma-ray emitting blazar TXS 0506+056 during an active phase, with chance coincidence being rejected at 3σ level [1] . This is the first time in history that confirming blazars may be a source of cosmic neutrinos with the highest confidence level. Based on this association between the TeV neutrino and the blazar flare, we demonstrate that multimessenger WEP tests and neutrino LIV constraints can be carried out by using the arrival time delay between the neutrino and the photons. Adopting the maximum possible arrive-time difference between the neutrino and photons (∼ 175 days), we show that the conservative limit on the difference of the PPN γ parameter for neutrinos and photons is as low as |γ ν − γ γ | < 8.5 × 10 −6 , improving the previous WEP tests from Mev neutrinos of SN 1987A by 3 orders of magnitude. On the other hand, we place stringent limits on linear and quadratic LIV, namely E QG,1 > 3.2 × 10
15
GeV and E QG,2 > 4.0 × 10 10 GeV, which are an improvement of 5-6 orders of magnitude over the previous results obtained from SN neutrinos. If the TeV neutrino was emitted around the same time of the flare peak, the arrival-time difference between the neutrino and photons is about 15 days. With this shorter time delay, the tests of the WEP and Lorentz invariance can be further improved by 1 order of magnitude.
